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& 

ABSTRACT 

A parametric study has been made to show the variation in 
trajectory parameters, for a predetermined thrust orientation angle 
to perform lunar descents from an initial parking orbit. Although 
the analytical methods used in this study a re  quite common, the 
presentation of these data in parametric form is unique. 
actual deviation in the descent parameters the thrust orientation angle is 
varied. 
have been based on a decelerated stage with a zero angle of thrust 
orientation. 
impulses and parking orbit altitudes a re  varied for comparison. 
Powered braking w a s  considered both before and after passing through 
pericenter of the Hohmann orbit. 

To study the 

In previous parametric studies most of the data presented 

A single propulsive stage was used in this study. Specific 

The results of the study show the variations of descent para- 
meters for earth thrust-to-weight ratio. 
energy requirements , traversed a1 ti tude, initial injection parameter s , 

These parameters include 

burning time and range. - 
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PARAMETRIC STUDY O F  LUNAR LANDING 

TECHNIQUES USING A PREDETERMINED 

THRUST ORIENTATION 

SUMMARY 

A parametric study has been made to show the variation of 
trajectory parameters, for a predetermined thrust orientation angle, 
in performing lunar descents from an initial parking orbit. A single 
propulsive stage was used in all instances. 
chosen varied from 280 to 320 seconds and from 400 to 440 seconds. 
The parking orbit altitudes selected for comparison were 150, 185 and 
300 kilometers. 
after passing through pericenter of €he Hohmann orbit. 
orientation angle was varied from +30 to -30 degrees where applicable 

The specific impulses 

Powered braking was considered both before and 
The thrust 

The results of the study show the variations of descent para- 
meters for earth thrust-to-weight ratio from 0.2 to 0.6.  These para- 
meters include energy requirements, traversed altitude, initial injec- 
tion parameters , burning time, and range. 



SECTION I. INTRODUCTION 

As a par t  of the Saturn program involving lunar landing studies, 
specific emphasis i s  being directed toward a study of the powered 
t ra jectory phase of the lunar braking stage.  The detailed and con- 
ceptual design of vehicle systems must  reflect  consideration of the 
interrelation of mission profile and stage design. 

The purpose of this study is to establish flight profiles and 
energy requirements for  stages having various thrust-to-weight ratios,  
specific impulses, altitudes, and Hohmann per icenters  utilizing 
predetermined pitch programs.  

The analytical methods used in this study a r e  quite common; 
however, the presentation of the data in parametr ic  f o r m  is unique. 
To study the actual deviation in the descent parameters  the thrust  
orientation angle is varied.  
of the data presented have been based on a decelerated stage with 
a zero  angle of thrust  orientation. 
overall  powered phase of the lunar braking stage and reflects the 
parameters  of energy requirements,  range t raversed ,  altitude t rav-  
e r sed ,  along with the general  ignition conditions. 

Ih previous parametr ic  studies most  

This study relates  to  the 

The approach used for  the descent maneuver was to apply an 
impulse t o  the spacecraft  in a parking orbit to attain a Hohmann t r ans -  
f e r  ell ipse.  
braking was initiated to a r r ive  at  a 300-meter altitude with zero  
velocity. The analysis was limited t o  planar t ra jector ies  with a 
constant, predetermined tilt program neglecting all perturbative 
forces .  

At the proper point on the t ransfer  ell ipse,  powered 

2 
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SECTION II. ASSUMPTIONS 

A summary of the basic assumptions used in this analysis 
follows : 

1. Deceleration of a single propulsion stage from a transfer 
ellipse to a 300-meter (hover) altitude and zero velocity using constant 
thrust. 

2. 

3. 

4. 

Initial parking orbit altitudes: 

hpark = 150 kilometers 

hpark = 185 kilometers 

hpark = 300 kilometers 

Initial pericenter altitudes for transfer ellipse: 

hp = 10 kilometers 

hp = 15 kilometers 

% = 20 kilometers 

= 25 kilometers 

J 

Specific impulses of 280, 300, 320, 400, 420 and 440 
seconds were used. 

5. The initial earth thrust-to-weight ratio for a chemical 
stage was varied parametrically from 0.2 to 0.6.  

6. Mean spherical moon: 

3 2 =4906km /sec 

re = 1738.3 km 

3 



SECTION 111. ANALYSIS 

One method of descent f rom a lunar parking orbit  is to  direct  
an impulse opposite the velocity vector (i. e .  thrust  orientation of cu = 
180°) to  attain a low-pericenter t ransfer  ell ipse.  F igure  1 shows the 
impulse velocity requirement td attain the Hohmann t ransfer  ell ipse.  
At a proper point on this t ransfer  ell ipse,  powered braking is initiated 
to  a r r ive  at a very  low lunar altitude, on the o rde r  of 300 m e t e r s ,  
with zero  velocity. The sketch below i l lustrates  the geometric proce- 
dure.  

\ 

T ransf e r Ellips e 

\ 
/ 

\ / 

I\ ------ 
\ 

/ 
4 / '. Circular 

Parking Orbit 

L 

P r 

I In initiating the powered braking, the optimum thrust  orienta- 
tion angle var ies  with the initial thrust-to-weight ratio of the space- 
c ra f t ,  the specific impulse of the engine and the descent altitude. 
minimize the velocity requirement,  this thrust  angle should be as close 
to  optimum as possible. 
were  computed varying the angles of attack until the optimum angle was 

To 

In this study, numerous descent t ra jec tor ies  

4 



I .  

c 

determined for each condition. 
thrust orientation angle with respect to descending spacecraft. 

The sketch below shows the represented 

Transfer Ellipse 

v = o  
4 = 180 degrees 

Lunar Center '  
The thrust orientation angle is measured positively downward from 
the velocity vector to the thrust vector. 
180° the thrust vector is directed opposite the velocity vector. 

In case the angle of attack is 

Parking orbit altitudes of 150, 185, and 300 kilometers were 
selected for this study. 
ellipse were varied from 10 to 25 kilometers. Such factors as surface 
irregularities and guidance errors  should be considered when selecting 
a pericenter altitude for the transfer ellipse. 

The pericenter altitudes of the transfer 

c 
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The powered descent in this study was initiated f rom a point 
both pr ior  to pericenter and on the return leg af ter  per icenter .  
thrust  vector orientation angle was varied until the optimum angle was 
determined for  each Ear th  thrust-to-weight ratio, specific impulse, 
and transfer altitude. 

The 

A constant thrust  was applied in all instances. 

The following point mass equations of motion w e r e  used: 

v =  m - ,+$- r cos 3 (1) 
F costy 

F sin 1y 

m r 
v s  = 

V s in  S 

r + =  (4) 

where 

m = mo t /m d t  1 (5) 

and 

F m = -  
Vex 

The velocity and flight path angle may be obtained by integrat- 
ing the equation of motion 

The range and altitude can then be calculated by the relations 

x = r , l V s i n S  d t  = r e s  $ 

h = h o t  d t  
r 

6 
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I ,  

and the central angle 

The energy expended by the vehicle is equivalent to the character- 
istic velocity o r  

t 

and may be determined from Figures 2A through 3L. 
velocity losses are the difference between the characteristic velocity 
and the change in comparative velocity, o r  

Consequently, the 

Avloss = Vchar - *v* (13) 

where the comparative velocity is 

. 

c - 

and the change 
r = rf is 

AV* = 

By substituting 

in comparative velocity during descent from r = ro to 

, 
for velocity losses in the original equation 

7 



SECTION IV. RESULTS 

The results of this analysis a r e  presented graphically in Sec- 
The data were  separated according to  per icenter  altitudes tion VI. 

and specific impulse 
passage. For  convenience, the energy requirements ,  init ial  ignition 
velocity and altitude t r ave r sed  during descent are plotted as functions 
of the initial vehicle thrust-to-weight ratio.  

for ignition both before  and after per icenter  

The impulse velocity, shown in Figure 1 ,  is  the velocity 
necessary to  attain a Hohmann t ransfer  ellipse f rom the c i rcu lar  park-  
ing orbit. An impulse velocity of l e s s  than 75 m / s e c  is sufficient to 
perform all of the Hohmann t ransfers ;  therefore,  all velocity losses  
a r e  extremely small and negligible. 

The character is t ic  velocity requirements to perform each of 
the missions considered a r e  presented in Figures  2A through 3L 
u res  4A through 5L show the altitude t raversed  during the burning 
phase of the descent maneuver.  The t raversed  altitude is a lso the 
initial altitude of engine ignition The range is  shown as a function 
of initial altitude at engine ignition in Figures  6A through 7L.  The 
graphic presentation of range is not legible as a function of thrust-to- 
weight ratio because the curves a r e  sometimes c loser  than plotting 
accuracy w i l l  allow; therefore ,  for  c lar i ty ,  the range angle was 
presented as  a function of altitude. 

F i g -  

The propellant mass fraction and burning t ime can be obtained 
f rom Figures 8 and 9,  respectively. The initial Hohmann orbital  
parameters  at engine ignition may be found in Figures  10 and 11. 
parameters  were  presented in this form for  simplicity. 
in flight path angle during descent is 180° - do. 

These 
The change 

8 



SECTION V. CONCLUSIONS 

The resul ts  of this parametric study show that the  thrust  
orientation angle has  an effect on the parameters  of the descent mode. 
To assume a ze ro  angle of attack for  all lunar descents is by no means 
optimum. In many c a s e s  of higher thrust-to-weight ra t io  (i. e. , above 
0 . 5 5 ) ,  a thrust  orientation of zero degrees  would not be applicable for 
the mission.  F r o m  0.2 to 0.55 thrust-to-weight ratio, hbwever, ze ro  
degrees  is an adequate approximation for  preliminary calculations. 
The t rend,  as indicated in the graphic presentation of the data,  indicates 
that  as the thrust-to-weight decreases  to  0 . 2  , the velocity requirement 
is minimized with a positive angle of attack. 

Descent initiation at points either before o r  a f te r  per icenter  
is found to  be a factor  in minimizing the actual energy requirements 
for  each mission. It is shown that descents a f te r  per icenter  require 
l e s s  energy, thus l e s s  propellant for the maneuver.  This could be a 
basic consideration in vehicle design and planning. 

L 
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